Abstract: Within the accuracy of the first-order Born approximation, expressions are derived for the spectrum of near-zone evanescent waves, which scatter from a spatially deterministic particulate medium with semisoft edges. By assuming that the scattering potential of the medium suffices the multi-Gaussian profile, it is shown that the degree of red-shifted spectrum of scattered field can be modulated by changing the summation index and effective radius of the scatterer. Moreover, the spectral switch, which transforms from the red shifts to the blue shifts of the spectrum, can emerge when the effective radius is sufficiently small compared with the incident wavelength. In addition, the summation index is another factor influencing the degree of spectral switches of near-zone scattered fields. These results are of potential applications to the near-field biomedical imaging and determination of scattering potentials of tiny particles.
Introduction
The spectrum of light, which might scatter from a spatially random or deterministic medium, attracted substantial interests in the last two decades. As a representative work among the studies, Wolf and co-authors showed that the frequency shifts of spectral lines can exist in scattered field, when a light wave scatters upon a medium which occupies spatially random statistics [1] or space-time fluctuations in the dielectric susceptibility [2] . Since then, extensive investigations had been done on spectral properties of light scattered from a weakly scattering medium. For instance, sufficient conditions which guarantee the isotropy of far-zone spectra of scattered field were obtained, that the correlation function of medium must suffice the so-called scaling law [3] , [4] . The correlation of a random scatterer, which was shown to induce spectral changes of scattered fields [5] , [6] , can be determined by solving the inverse scattering equation [7] . The far-zone spectral shifts of light scattered from a deterministic medium [8] , quasi-homogeneous object [9] , multiple-scattering slices [10] , anisotropic scatterers [11] , [12] , and semi-soft edged particles [13] , [14] were addressed, respectively.
Although spectral properties of light scattered from a weakly scattering medium have been intensively discussed, homogeneous waves in far-zone scattered field were concerned in these studies. Actually, the evanescent waves, which primarily exist in the near-zone scattered field, are of importance to the near-field imaging of 3-D objectives [15] . In addition, it was shown that an incident evanescent wave can contribute to both the homogeneous and evanescent scattered fields, as it scatters upon a spatially random medium [16] . Recently, we devoted to the study of near-zone spectrum of evanescent waves scattered from a spatially deterministic medium [17] , [18] . Undoubtedly, evanescent waves in near-zone scattered field are of potential significance in future studies. However, a question may arise: What will spectral properties of an evanescent wave present if it scatters upon a particulate medium with adjustable boundaries? To the best of our knowledge, such issue has not been overall considered in any literature so far. In this paper, we particularly explore in what conditions the spectral shifts and spectral switches of a near-zone scattered field may occur, when a plane wave scatters upon a spatially deterministic, particulate medium with adjustable boundaries. Particularly, the dependences of spectral shifts and spectral switches of scattered field on profiles of the medium will be shown by numerical results.
Near-Field Scattering of Light From a Particulate Medium With Adjustable Edges
We start the work by introducing the scattering theory of light from a spatially deterministic, particulate medium in near field. Consider a polychromatic plane wave is incident upon a semi-soft edged particulate medium, which occupies a finite volume D. The electric field of the incident wave has the form
where * r 0 is a position vector of the incident field; ! denotes the frequency; " s 0 is a position vector which represents the propagation direction of the plane wave, and k ¼ !=c, with c being the speed of light propagating in vacuum. að!Þ denotes the spectral amplitude which may depend on the frequency. Suppose the scattering of light upon the medium is so weak, thus the scattered field can be represented by adopting the first-order Born approximation [19] U ðsÞ ð
where the subscript "D" denotes the integration is over the entire scatterer volume, F ð * r 0 ; !Þ is the scattering potential of the medium, and * r is a position vector in scattered field. Typically, the Green function in (2) can be expressed by the Weyl expansion for the outgoing spherical wave [15] - [19] exp ik j 
We note that (6) can be alternatively expressed by the form, which is proportional to the Fourier transform of the scattering potential of the medium, viz.
whereF ð * K; !Þ is the 3-D Fourier transform of the scattering potential of the medium
Assume that the semi-soft edged particulate medium is centered at a point where the position vector * r 0 ¼ ð0; 0; 0Þ. Also, it is assumed that the scattering potential of the medium occupies an adjustable boundary which can be modeled by a multi-Gaussian function [20] , [21] 
where
is the weighing factor of the function. Typically, two limiting cases of (9), i.e., L ¼ 1 and L ! 1 denote the scattering potential of the scatterer occupies the completely soft and hard boundary, respectively. By substituting (9) into (8) and subsequently into (7), the spectral amplitude function of evanescent fields can be obtained by performing the Fourier transform of the scattering potential of the medium, viz.
As a result, the near-zone evanescent field scattered from the semi-soft edged medium can be obtained by substituting (11) into (5), such that
To further perform the integration in (12) 
By observing (14), we notice that the integration over the azimuthal angle s ? yields the first kind, zero-order Bessel function [22] J 0 ðk js ? jÞ ¼
In addition, the following differential is utilized to treat (14) js ? j
As a consequence, the evanescent field in near-zone scattered field can be represented by
By introducing the changes of the integral variable ju ? j ¼ ðjs ? j 2 À 1Þ 1=2 in (17) , the equation can be further simplified to the form which integrates over ju ? j
Numerical Calculation and Discussion
Equation (18) is the primary result of this paper, as it provides a flexible approach to study spectral properties of near-zone evanescent waves scattered from a particulate medium with semisoft boundaries. Remarkably, we shall emphasize that the scattered evanescent field is strongly dependent of the effective radius and propagation distance of scattered waves. Also, when the propagation distance of evanescent waves grows, the factor expðÀk ju ? jzÞ exponentially reduces, so does the integrand in (18) has a sufficiently small value, namely the growth of propagation distances is associated with the reduction of amplitudes of evanescent fields. In what follows, numerical results will be presented to discuss in what conditions the spectral shifts and spectral switches of evanescent waves may occur in near-zone scattered field. Based on (18), the spectrum of near-zone scattered waves can be obtained by performing the square of modulus of evanescent fields, viz.
where S ðiÞ ð!Þ ¼ hjað!Þj 2 i is the spectrum of incident plane waves. For the sake of simplicity, we consider an example where the spectrum of incident waves suffices the Gaussian profile:
where A is a positive constant, À 0 denotes the bandwidth of the spectrum, and ! 0 represents the central frequency of the polychromatic plane wave. Without the loss of generality, the following parameters are kept fixed in the numerical simulation: ¼ 0 , where 0 stands for the central wavelength of the polychromatic light, ! 0 ¼ 3 Â 10 15 s À1 , À 0 ¼ 0:05 ! 0 , unless otherwise specified. Fig. 1 shows the normalized spectrum of near-zone scattered field influenced by different summation indices of the medium with semi-soft boundaries. It is found that the spectral shifts of scattered field can be greatly enhanced when the summation index occupies a small value, particularly when a spherical particle is concerned, i.e., L ¼ 1. Compared with the spectrum of evanescent waves scattered from a medium with hard boundaries, the red-shifted spectrum of scattered field becomes more evident when the incident light scatters from the particle. Moreover, it is also shown that the red-shifted spectrum of scattered field can be reinforced provided that the incident light scatters from the particle with relatively large effective radius, e.g., ¼ 2 0 . Fig. 2 displays the influences of different effective radii of the semi-soft edged particulate medium on the normalized spectrum of near-zone evanescent waves. As expected, when the effective radius occupies a sufficiently small value, e.g., ¼ 0:5 0 in Fig. 2(b) , the normalized spectrum of scattered field is very close to the initial spectral profile of incident plane waves (the real curve in Fig. 2) . Compared with the spherical particle ðL ¼ 1Þ, the medium with hard boundaries ðL ¼ 40Þ is capable to produce less obvious red-shifts of the spectrum. In addition, we also emphasize that the spectral switch of evanescent waves in near field emerges when the effective radius is sufficiently small, e.g., ¼ 0:1 0 in Fig. 2 . In this case, the spectrum of scattered field converts from the red shifts to blue ones. To better understand in what conditions the spectral switch of scattered field occurs, we recall the relative spectral shift (RSS), which can offer help to study deviations of central frequencies of a broadband polychromatic light [14] , [17] , [18] 
where ! max is the frequency where the spectral density of light reaches its maximum value. In general, the RSS is positive when the spectrum of scattered field is blue-shifted, while a negative value denotes the spectrum is red-shifted in scattered field. The spectral switch occurs when the sign of the RSS reverses. Fig. 3 presents the influential effects of different effective radii of the particulate medium on the propagation-dependent RSS of near-zone scattered field. Results indicate that the changes of RSS of scattered field are considerably slight as the scattered waves propagate in near field. Such phenomenon matches well with our previous study [17] , where the scattering of evanescent fields from a medium with soft boundaries was concerned. Similar to [17, Fig. 3] , it is exhibited that the RSS of near-zone scattered field can be greatly enhanced provided that the medium occupies a sufficiently large effective radius, regardless of changes of the summation index of the semi-soft medium. In addition, we shall note that the spectral switch of light occurs when the effective radius reduces to the amount which is comparable to the wavelength of incident fields. For example, the spectral switch of scattered field emerges as the scattered waves propagate in the near field when ¼ 0:1 0 , as shown by the real curves in Fig. 3 . Such phenomenon is enlarged in Fig. 4(a) for further comparisons. If the effective radius is small enough, e.g., ¼ 0:1 0 , we shall demonstrate that the RSS of scattered field slightly grows when the scattered light propagates in near field. Furthermore, the summation index of the medium can also influence the RSS values of scattered field. Compared with the scatterer with hard boundaries, the semi-soft medium is capable to produce larger degrees of the spectral shifts [see Fig. 4(b) ] and spectral switches [see Fig. 4(a) ] in the near field, respectively. Moreover, by observing Fig. 3(a) and (b), it is found that the relative spectral switches of the near-zone scattered field display several tiny perturbations, especially when the effective radius of the medium is sufficiently small, e.g., k ¼ 0:1. This phenomenon can be explained by employing (19) of our manuscript. There exists a factor expðik 2 2 ju ? j=lÞ within the integration part. For a fixed value of the integral variable ju ? j; this term is a period function which may exhibit much more intensive oscillating properties if k occupies a smaller value. As a result, if we perform the numerical integration of (19) , some perturbations inevitably emerge in the plotted spectral switches, as shown in Fig. 3(a) and (b) .
As a special note, we particularly emphasize that our findings entirely differ from those obtained in previous literature. The far-zone spectrum of a polychromatic light, which is generated by the scattering from a collection of particles [12] , [13] or medium with semi-soft boundaries [14] , may display spectral shifts and spectral switches phenomena. In contrast, we use a different method, which perform numerical integrations to study the spectrum of evanescent waves in near field. Notably, the dependences of near-zone spectrum on the scattering angle are not concerned here, because spectral densities of evanescent waves are closely dependent of the near-zone propagation distance rather than the scattering angle. The obtained results might be of potential applications to future studies, for example, the near-field biomedical imaging and determination of scattering potentials of tiny particles. The spectral shifts and spectral switches of evanescent waves scattered from a semi-soft particulate medium may provide valuable information to reconstructions of scattering potentials of biological cells or molecules, provided that the effective radius of medium can be extracted from the scattering integration (18) . Actually, we have devoted to this study, which is expected to present in a future publication. Our findings might be uniquely applicable to determine scattering potentials of a particulate medium, which only scatter evanescent waves in near field. In such case, it seems infeasible to follow approaches in [7] to obtain spectrum of scattered field in far-zone regions. In this manuscript, we majorly discussed the near-field scattering properties of an evanescent wave from the medium with adjustable boundaries. Spectral properties of the near-field scattered field are analyzed. If polarization of incident light is considered, we can expect that the near-field spectral properties can be modified by specifying different polarization of incident light. However, we must emphasize here that the scattering of polarized beams in the near-field cannot be simply computed just by substituting the beam functions into the scattering integrations in our manuscript, such as (2) and (3). It means that much more work has to be done to solve this problem, and it can be an entirely new and creative work. As a matter of fact, the scattering problem of beams with specified polarization in a near field must additionally concern the intensive interaction effects of polarized photons, which should be treated by using other approaches rather than the ways shown in our manuscript.
Conclusion
In conclusion, spectral properties of near-zone evanescent waves scattered from a particulate medium with semi-soft boundaries are studied, and expressions are derived for the spectrum of scattered field. By assuming that the scattering potential of the medium satisfies the Gaussian profile, we reveal that the spectral shifts and spectral switches of scattered field can be modulated by changing the summation index and effective radius of the medium, respectively. Our findings are of significance to the near-field biomedical imaging and determination of scattering potentials of tiny particles, especially when far-zone spectral densities of scattered field are so weak compared with those of evanescent waves in the near field. For these situations, our study has more advantages than previous methods which only employ far-zone spectrum for the determination of unknown objective.
